N-nitrosamines are a class of carcinogenic chemicals that can pose significant hazards to the human life. Ultraviolet (UV) light irradiation is considered as one of the effective methods to reduce N-nitrosamines in the aqueous phase. This study aimed to investigate the pH influence on UV photodegradation of N-nitrosamines (i.e., N-nitrosodibutylamine (NDBA) and N-nitrosopyrrolidine (NPYR)) closely related to water treatment. Photodegradation rate constants of NDBA and NPYR remained between 3.26×10 -2 L/W-min to 5.08×10 -3 L/W-min and 1.14×10 -2 L/W-min to 2.80×10 -3 L/W-min at pH2-10, respectively.
Introduction 1)
It has been more than 100 years since N-nitrosamines have been studied by the scientific community. N-nitrosamines received much attention when Barnes and Magee discovered the carcinogenic properties of these compounds (Barnes and Magee, 1954) . Moreover, with extensive research, most of N-nitrosamines (i.e., 90% of the total) are now classified as carcinogenic, mutagenic, and/or teratogenic compounds, which can ultimately cause detrimental effects on human health (Andrzejewski et al., 2005; Wang et al., 2011; Xu et al., 2010; Zhou et al., 2012) . N-nitrosamines primarily target esophagus and liver sites for tumor formation. Other organs, which can also be affected by N-nitrosamines are bladder, brain, and lungs (Xu et al., 2009a) . Therefore, many developed countries established stringent laws for the regulation † To whom correspondence should be addressed.
hjlim@knu.ac.kr This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. of acceptable level of nitrosoamines. Acceptable limit proposed by the Norwegian Public Health Institute for all N-nitrosoamines is 4 ng/L for drinking water and 0.3 ng/m 3 for air (Sorensen et al., 2015; Zhou et al., 2012) .
N-nitrosamines cause severe problem in drinking water purification systems and in reprocessing of waste water to fulfill increasing water demands worldwide (Zhou et al., 2012) . High concentration of organic nitrogen in industrial waste water effluents can serve as precursors for N-nitrosamines in the reaction with disinfectants (Krasner et al., 2009 ). Consequently, more efficient drinking water treatments are required to achieve the purity up to safe drinking levels. Recent studies have confirmed that chlorination and chloramination treatments of drinking water and industrial wastewater result in the formation of new disinfection byproducts of N-nitrosamines (Mitch and Sedlak, 2002; Padhye et al., 2009; Schreiber and Mitch, 2006) . N-nitrosopyrollidine (NPYR) and N-nitrosodibutylamine (NDBA) have been included in this new class of emerging disinfection by-products (Zhou et al., 2012) . Charrois et al. (2004) detected NPYR in drinking water both in the water supply system and at the plant, where chloramination was used for disinfection (Charrois et al., 2004) . NPYR has been reported in drinking water distribution systems up to 70.5 ng/L and up to several hundred ng/L in waste water and municipal sludge, respectively (Krasner et al., 2009; Padhye et al., 2009; Zhao et al., 2006) . Wang et al. (2016) investigated 54 drinking water treatment plants and reported that NDBA was one of the most abundant N-nitrosamines. The occurrence of NPYR and NDBA in aquatic environment is estimated to be associated with 10 -6 cancer risk at 20 ng/L concentration level (Gerrity et al., 2014) . Conventional drinking water and waste water treatment plants are not designed to remove these emerging contaminants (Zhou et al., 2012) .
N-nitrosamines are usually soluble in water due to their polar nature. These compounds are difficult to extract with organic solvents due to their low octanol/water partition coefficients (Kow). These compounds are not significantly adsorbed on non-polar surfaces. This high hydrophilicity and low adsorbability of N-nitrosamines contribute to a great risk of ground water contamination. Coagulation and filtration could not be used for the removal of N-nitrosamines in drinking water facilities due to the above discussed properties.
The majority of N-nitrosamines precursors are also too small in size that could not be removed by coagulation . Furthermore, many polymers (e.g., poly-DADMAG, polyamines) used as coagulant in drinking water treatment plants, could be the source of nitrosamines precursors (Kohut and Andrews, 2003; Wilczak et al., 2003) . Miyashita et al. (2009) concluded that nitrosamines cannot be efficiently removed even though nanofilters and reverse osmosis membranes are used. Nitrosamines cannot be removed from water by aeration due to low Henry constants, and are also hardly biodegradable (Nawrocki and Andrzejewski, 2011) . Previous research groups have distinctly described that nitrosamines exhibit two absorption peaks (strong at ~230 nm and weak at ~340 nm) when expose to UV light. Therefore, this property can be exploited for photolytic degradation of N-nitrosamines in water (Andrzejewski et al., 2005; Sorensen et al., 2013; Stefan and Bolton, 2002) . Furthermore, photodegradation of nitrosamine results in less harmful products and conventional plants could also be retrofitted with this technology (Zhou et al., 2012) .
Environmental hazards and measurement methods of both N-nitrosamines (i.e., NPYR and NDBA) have been widely studied in previous studies (Gushgari et al., 2016; Kodamatani et al., 2009; Lee et al., 2013; Mahanama and Daisey, 1996; Ngongang and Duy, 2015; Pozzi et al., 2011; Sen et al., 1997; Wang et al., 2011; Zhang et al., 2016; Zhao et al., 2006 ). However, a few studies were published on treatment methods and degradation pathways of NPYR and NDBA (Plumlee and Reinhard, 2007; Xu et al., 2009b; Zhou et al., 2012 were prepared by further dilution with ultra-pure water. Glass bottles containing stock solutions were properly covered with the aluminum foil to avoid from light. These stock solutions were kept in the refrigerator and used within 30 days. Concentrations of stock solutions were rechecked throughout storage period with UV absorbance calibration. All glassware was cleaned thoroughly by sonicating in deionized water with a cleaning agent (CIP 100, Steris, USA), then followed by rinsing with reverse osmosis water in an ultrasonic cleaner (8510R-DTH, Branson, USA) and dried in a drying oven (SW-90D, Sang Woo, Korea) at 50°C before use.
Experimental Procedure
Photodegradation experiments were performed in a cylin- USA) was installed to collect samples at fixed intervals. A peristaltic pump (BT 100-2J, Longer Pump, China) was used to transport reaction solution to the fraction collector. After stabilizing the system, UV-lamp and peristaltic pump were switched on to start irradiation and drawing sample solution.
Samples were collected in 7 mL vials with 0.5 min interval keeping the flow rate of 10 mL min-1 during first 10 minutes.
Afterwards samples were collected in 2.5 min interval keeping the flow rate of 2 mL/min up to next 20 minutes.
Then, every two consecutive vials were combined in 20 mL amber colored vial to get cumulative volume of 10 mL for each sample. These collected samples were stored at 6°C in the refrigerator for further analysis. Remaining N-nitrosamine solution in the reactor was further degraded for 2 hours before disposal to ensure complete degradation of nitrosamines for the safety of environment. Samples were analyzed within three weeks after collection. The accuracy was checked and zero error was removed during the analysis of samples by introducing check standard (5 mg/L) and blank sample after every 10th sample. The minimum detection limit of TOC and TN was 7.0×10 -2 ppm and 9.4×10 -3 ppm, respectively. It was determined as 3 times of standard deviation of blank measurements.
Analysis

Results and Discussions
UV-Vis Absorption Properties
N-nitrosamines exhibit two primary absorption peaks in UV-Vis range. Absorption spectra of N-nitrosamines along with UV lamp emission spectra are shown in Fig. 2 . The maximum peak intensity was observed at λmax = 234 nm and λmax = 231 nm for NDBA and NPYR, respectively. Crosssectional absorptivity (єmax) at λmax was determined to be 5.94×10 6 and 4.20×10 6 cm 2 /mol for NDBA and NPYR, respectively as shown in Table 1 . The strong absorption band is due to π→π* intramolecular charge transfer (Lee et al., 2005; Stefan and Bolton, 2002) . Weak absorption bands were observed at λ = 338 nm and λ = 333 nm for NDBA and NPYR, respectively. The weak absorption band is associated with n→π* transition. These are consistent with earlier reports of a strong peak at ~230 nm and a weak peak at ~340 nm for N-nitrosamines (Nawrocki and Andrzejewski, 2011; Stefan and Bolton, 2002; Xu et al., 2008) . aldehyde. When the heterolytic cleavage takes place in the acidic solution, diethylamine is exposed to favorable conditions for the nucleophile attack. Stefan and Bolton (2002) reported that secondary amines and nitrite ions were produced during photodegradation in weakly acidic and neutral pH conditions. Chow (1973) showed that acid complex of NDMA (or protonated NDMA) was photodegraded into dimethylamine and HNO2 by photo-hydrolysis from the heterolytic cleavage of N-NO bonds. Whereas, aminium radical and  NO . produced by photoelimination from the homolytic cleavage of N-NO bonds.
The interference of absorbance was observed due to byproducts at shorter wavelength (i.e., λmax). There was a minimal interference for weak peak at λ = 338 nm and λ = 333 nm for NDBA and NPYR, respectively. This wavelength was selected for the determination of nitrosamines, because interference at this wavelength was apparently appeared only at the later part of the reaction. Therefore, the absorbance values of N-nitrosamines during the first 10 min were used to determine the reaction rate constants.
Effect of pH on kinetics of N-nitrosamines photodegradation
The decay of N-nitrosamines under UV irradiation was studied over a wide range of pH2-10 as shown in Fig. 3 10 -3 mmol/L-min) at pH8-10 as shown in Table 3 . Because, it has been observed that the formation of NO2 -and NO3 -follow degradation of N-nitrosamines.
There are two different explanations about the mechanism of N-nitrosamines photodegradation. The stretching of N-N double bond induces partial dipole and negative charge at nitroso oxygen, which is a good site for protonation (Chow, 1973) . According to Xu et al. (2010) , protonated species of nitrosamines are more photolabile than unprotonated species. Lee et al. (2005) suggest that acid-catalyzed complex rather than protonated or unprotonated species are responsible for the photodegradation. Polar character of N-nitrosamines is good explanation to conclude that acidic conditions promote photolability of nitrosamines through weakening of N-N bonding. Photodegradation rate constant of NDBA was higher than that of NPYR at all pH values. Zhou et al. (2012) reported similar trend of rate constants for NDBA and NPYR. The difference in degradation rate constants might be primarily due to their chemical structures (Ohwada et al., 2001; Salvo et al., 2008) . The higher degradation rate of NDBA might be caused by the fact that organic species produced also affect the dissociation energies such as benzyl radicals clearly contribute to the C-N bond breakage (Salvo et al., 2008) . The lower degradation rate of NPYR might be due to its unique cyclic structure with high electron density that might tolerate the weakening of N-NO bonding by protonation via electron donation. The pH effect is caused by the weakening of N-NO bond by increased protonation at lower pH. This makes NPYR more stable than other straight chain nitrosamines (i.e., NDBA) (Xu et al., 2009b) . Hence, chemical structures might influence degradation rate along with pH effect. Zhou et al. (2012) showed the influence of various factors (e.g., Initial nitrosamine concentration, UV intensity, pH, H2O2 dosage, and inorganic anions) on photodegradation of the mixture of nine N-nitrosamines. Rate constants obtained in our study for NDBA and NPYR were much higher relative to the former study data. These higher rate constants might be due to difference in experimental design. In our study nitrosamine solutions were directly irradiated under UV light, while baffles with different helix angles between lamp shade and nitrosamine solution were used in the former study. On the other hand, competition for available UV light might be increased for the mixture of nine N-nitrosamines irradiated together in the previous study. Photodegradation rate constant of NPYR presented in this study (i.e., 4.73× 10 -3 L/W-min) at pH6 was 3.94 times higher than that of Chen et al. (2015) at pH7 (i.e., 1.20×10 -3 L/W-min). The discrepancy can be explained by the fact that photodegradation rate constant increases with decrease in pH. Solution was kept at a distance of 30 cm from lamp in their study, whereas UV lamp was submerged in the solution in our study. This might be another reason for the discrepancy in rate constants. was too low to be detected at pH2 in both N-nitrosamines.
NO2
-might be unstable at strong acidic conditions (Fan and Tannenbaum, 1972) or react to form stable organic compounds (i.e., organic nitrate) (Polo and Chow, 1976) . Hydroxide ion concentration might be too low to form nitrite at lower pH (Fan and Tannenbaum, 1972) . This may well be another possible reason for low concentration of nitrite at pH2.
Hence, NO2 -was present at lower level than NO3 -at pH2. Xu et al. (2008) also observed similar results for NDEA photodegradation in strong acidic conditions. A slight decrease in NNO2 -after the complete removal of nitrosamine at lower pH was associated with increase in NNO3 -. NO3 -produced by further oxidation of NO2 - (Stefan and Bolton, 2002) .
Yield of NNO2 -rapidly increased with increasing pH from acidic to neutral solution and decreased in alkaline solution.
These results are consistent with the previous studies (Xu et al., 2009; Xu et al., 2010) . Owing to different patterns in NO2 -and NO3 -formation, it might be concluded that NO2 -and NO3 -production were dependent on degradation rates of parent N-nitrosamines along with other control factors. Solution pH might be one of these factors which influences the yield of NO2 -and NO3 - (Fan and Tannenbaum, 1972) . Higher concentration of NO2 -indicates that main degradation pathways (i.e., R1 and R2) were the principal source of NO2 -production under neutral conditions. NO3 -formation mechanism has been proposed in a previous study under acidic and alkaline conditions as shown in R3 and R4 (Lee et al, 2005) . The amount of these species has been specified as NOthers in the Fig. 5 . The total organic carbon (TOC) also remained at a constant level, suggesting negligible loss of N-nitrosamines and degradation products from the system. Xu et al. (2009b) identified pyrrolidine as main degradation product of NPYR.
Moreover, low molecular weight aliphatic amines were also identified as further degradation products of NPYR i.e., (methylamine, dimethylamine, ethylamine, diethylamine, n-propylamine and n-methylethylamine). In case of NDBA, it could be proposed that n-butylamine would be the main degradation product. Further low molecular weight degradation products might be similar to those of NPYR. 
Conclusions
